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Abstract
Rice blast disease, caused by the filamentous fungus Magnaporthe oryzae, destroys sufficient rice
each year to feed 60 million people, and is a serious threat to global food security. A wheat-adapted
lineage of M. oryzae now poses threat to global wheat production. Rice blast disease is currently
controlled using limited fungicides, and the emergence of fungicide resistance within M. oryzae
populations is a growing concern. There is a pressing need to identify new classes of fungicides to
control the disease, which requires better understanding of the basic biology of the pathogen. To
establish disease, M. oryzae forms a specialized dome shaped infection structure called an
appressorium, which it uses to physically break into rice tissues. The timely formation of toroidal
septin ring at the base of appressorium is required for successful infection of the rice plant. Septins
belongs to a conserved family of GTP-binding proteins and self-assemble into hetero-oligomeric
rods and filaments that form higher-order structures such as rings and gauzes at the cell cortex.
Septin-mediated scaffolding of the filamentous actin (F-actin) network is needed for the
emergence of a polarized penetration hypha from the base of the M. oryzae appressorium. Despite
being highly conserved in eukaryotes, septins are absent in plants, which makes them a possible
target for the development of novel fungicides. However, there is little understanding about how
these septins rings form in time and subcellular space during appressorium morphogenesis. First,
using quantitative 4D fluorescence imaging, we show that an incipient septin disc-like structure is
dynamically remodeled into a toroidal ring, in a process requiring the formation of an F-actin
contractile ring, during appressorium morphogenesis. We demonstrate that F-actin ring formation,
and subsequent contraction of the incipient septin disc-like structure, requires melanin-dependent
turgor pressure generation by the appressorium. Using a pharmacological approach, we
demonstrate the requirement of an intact microtubule and F-actin cytoskeleton for the structural

integrity of these incipient septin disc-like structures. Next, using an enzyme-catalyzed proximity
dependent proteomics approach, we identify the actin modulating protein coronin (MoCrn1), as a
putative septin proximal protein. Using a 4D fluorescence imaging approach, we demonstrate that
MoCrn1 is transiently proximal to the septin cytoskeleton during appressorium development.
Lastly, using a reverse genetic approach, we provide evidence that MoCrn1-mediated F-actin
remodeling is required for normal septin ring formation. The findings of this research will provide
new insight about cellular control of the septin organization in M. oryzae, a global cereal killer.

Acknowledgements
I would like to extend my special thanks to my advisor Dr. Martin Egan. His mentorship,
encouragement and time over the last two and half years have made finishing this research project
and thesis possible. I am thankful to my MS advisory committee members, Dr. Ken Korth and Dr.
Yong Wang for their valuable discussion and direction. I would like to thank Audra Rogers for her
training, continuous support and guidance. I am also thankful to all my current and past lab
members, particularly Baronger Bieger and Rinalda Proko for their support and encouragement. I
acknowledge the Department of Entomology and Plant Pathology for offering me Graduate
Research Assistantship to complete my degree. Finally, I am grateful to my family for their
continuous moral support to finish up this project.

Table of Contents
1. Introduction
1.1 Introduction to the rice blast disease…………………………………………………………..1
1.2 Appressorium morphogenesis and tissue colonization by M. oryzae …………………………2
1.3 Introduction to septins and their role in appressorium organization…………………………..5
1.4 Rationale………………………………………………………………………………………8
1.5 References……………………………………………………………………………………10
2. Chapter I: Dynamic assembly of a higher-order septin structure during appressorium
morphogenesis by the rice blast fungus
2.1 Abstract………………………………………………………………………………………16
2.2 Highlights…………………………………………………………………………………….17
2.3 Introduction…………………………………………………………………………………..17
2.4 Results and discussion……………………………………………………………………….19
2.5 Methods ……………………………………………………………………………………..23
2.5.1 Fungal growth conditions………………………………………………………………….23
2.5.2 Fungal DNA isolation……………………………………………………………………...23
2.5.3 Plasmids isolation………………………………………………………………………….24
2.5.4 Strain generation ………………………………………………………………………….24
2.5.5 Live-cell imaging and image analysis……………………………………………………..25
2.6 Acknowledgements………………………………………………………………………….25
2.7 References……………………………………………………………………………………26
2.8 Appendix……………………………………………………………………………………..29
Video 1. Formation of a higher-order septin structure during appressorium morphogenesis……29

Video 2. Dynamic recruitment of actin filaments to the appressorium septin ring
upon maturation………………………………………………………………………………….30
Chapter II: Regulated F-actin dynamics drive septin disc-to-ring remodeling during
appressorium development by the rice blast fungus
3.1 Abstract …………………………………………………………………………..………….32
3.2 Introduction…………………………………………………………………………………..32
3.3 Results and Discussion……………………………………………………………………….34
3.3.1 Incipient septin disc-like structures require an intact F-actin and microtubule
cytoskeleton for their structural integrity………………………………………………………..36
3.3.2 Coronin is a transient septin proximal protein whose dynamics are modulated
by higher order septin structures………………………………………………………………….38
3.3.3 Coronin promotes normal F-actin remodeling and concomitant septin
organization during appressorium development………………………………………………… 41
3.4 Materials and methods………………………………………………………………………..42
3.4.1 Fungal growth conditions…………………………………………………………………..42
3.4.2 Strain construction………………………………………………………………………….43
3.4.3 Fungal transformation……………………………………………………………………...44
3.4.4 Image acquisition and analysis……………………………………………………………..45
3.4.5 Pharmacological cytoskeleton disruption ………………………………………………….46
3.4.6 Appressorium line scan analysis……………………………………………………………46
3.4.7 Nucleic acid isolations and analysis………………………………………………………...46
3.4.8 Analysis of the dynamic diffusion of Crn1-GFP-labelled puncta………………………..…47
3.4.9 Western blotting……………………………………………………………………………47

3.4.10 Fungal culture, cell lysis and streptavidin affinity purifications………………………..….48
3.4.11 In-Gel Trypsin Digestion………………………………………………………………….49
3.4.12 Mass Spectrometry and Data Analysis……………………………………………………49
3.5 Acknowledgements…………………………………………………………………………..51
3.6 References……………………………………………………………………………………52
3.7 Appendix……………………………………………………………………………………..65
Movie S1…………………………………………………………………………………………65
Movie S2…………………………………………………………………………………………66
Movie S3…………………………………………………………………………………………66
Movie S4…………………………………………………………………………………………67
Movie S5…………………………………………………………………………………………67
4.Conclusion…………………………………………………………………………………….68

List of Figures
1. Introduction
Figure 1. Infection-related development by the rice blast fungus M. oryzae……………………..4
Figure 2: Schematic diagram of linear rod and paired filament assemblies in yeast……………...7
2. Chapter I: Dynamic assembly of a higher-order septin structure during appressorium
morphogenesis by the rice blast fungus
Figure 1. 4D Quantitative analysis of septin ring formation……………………………………...22
Chapter II: Regulated F-actin dynamics drive septin disc-to-ring remodeling during
appressorium development by the rice blast fungus
Figure 1. Melanin-dependent turgor generation is required for F-actin ring
formation and septin remodeling………………….……………………………………………..57
Figure 2. The structural integrity of the incipient septin disc-like structure is
dependent on both the actin and microtubule cytoskeletons……………………………………59
Figure 3. Coronin is a septin proximal interacting protein………………………………………61
Figure 4. Coronin promotes normal septin ring formation during appressorium development…63

List of Published Papers
Chapter I: Published
Dulal, N., Rogers, A., Wang, Y., & Egan, M. (2020). Dynamic assembly of a higher-order septin
structure during appressorium morphogenesis by the rice blast fungus. Fungal Genetics and
Biology : FG & B, 140, 103385. http://doi.org/10.1016/j.fgb.2020.103385
Chapter II: Submitted for peer review
Dulal, N., Rogers, A., Proko, R., Bieger, B., Liyanage, R., Krishnamurthi, V., Wang, Y., & Egan,
M. (2020). Regulated F-actin dynamics drive septin disc-to-ring remodeling during appressorium
development by the rice blast fungus. Journal of Cell Science

Introduction
1.1 Introduction to the rice blast disease
Cultivated rice (Oryza sativa) is the most important staple food crop for more than half of the
world’s population (Elert, 2014). Rice blast disease, caused by the filamentous ascomycete fungus
Magnaporthe orzae, is a major issue wherever rice is grown, destroying up to 30% of the global
rice harvest annually, sufficient rice to feed 60 million people (Talbot, 2003). M. oryzae also causes
blast disease in wheat and other grasses, posing a threat to wheat production in South America,
especially. Recently, the wheat-infecting lineage of the fungus M. oryzae caused a wheat blast
outbreak in Bangladesh (Islam et al., 2016), portending future outbreaks on a global scale (Fischer
et al., 2012).
Current blast disease management strategies include incorporation of the blast-resistant cultivars
and extensive use of foliar chemical fungicides. Melanin biosynthesis inhibitors (MBIs) and
mitochondrial respiration inhibitors are the most frequently used fungicide classes for the control
of the rice blast fungus. The tricyclazole MBI inhibits melanin production in the appresoria
resulting in lack of turgor needed to penetrate the host cell for infection (Kurahashi, 2001; Mares
et al., 2004). Strobilurin, a mitochondrial respiration inhibitor, belongs to the class of quinone
outside inhibitors (QoIs). Several M. oryzae strains have developed resistance to strobilurin due to
its highly specific mode of action (Kim et al., 2003; Castroagudín et al., 2015). Many blast resistant
rice cultivars have been developed throughout the world to combat the disease. However, the
genetic instability of M. oryzae has allowed blast disease to remain a constant threat to the global
rice production (Miah et al., 2013). Thus, there is the pressing need to develop new classes of
fungicides to combat M. oryzae.
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1.2 Appressorium morphogenesis and tissue colonization by M. oryzae
The rice blast fungus can infect all above ground parts including leaves, nodes, steams, and
panicles, during all developmental stages (Wilson and Talbot, 2003). The disease cycle begins
when a three-celled conidium lands on a rice leaf surface and attaches to the cuticle with the help
of adhesives which are present in the apical compartment and released upon hydration (Hamer et
al., 1988). In the presence of free water, a short, polarized germ tube emerges from the conidium
within two hours of landing on the leaf. The tip of the germ tube differentiates into a specialized
dome-shaped infection structure called an appressorium after coming in contact with a hard,
hydrophobic surface. These early morphogenetic events are regulated by mitogen-activated protein
kinase (MAPK) and cAMP signaling pathways that act cooperatively in appressorium
development. While cAMP signaling is important for surface recognition and appressorium
initiation (Xu and Hammer, 1996; Mitchell and Dean, 1995), the MAPK Pmk1 regulates
appressorium development and infectious growth (Zhao et al., 2007; Sakulkoo et al., 2018).
Appressorium morphogenesis is also tightly controlled by the cell cycle and requires that two
independent S-phase checkpoints are met (Saunders et al., 2010a; Osés-Ruiz et al., 2017). Within
2-3 hours on the leaf surface a nucleus migrates into the germ tube where it undergoes a single
mitotic nuclear division (Figure 1) (Veneault-Fourrey et al., 2006). While the daughter nucleus
migrates into the developing appressorium, the parent nucleus returns to the conidium. Following
this migration, there is a distinctive septation event that separates the appresorium from the germ
tube (Saunders et al., 2010b). The conidium together with its three nuclei then undergoes a type of
autophagic programmed cell death (Figure 1), which leads to the maturation of the appressorium
(Veneault-Fourrey et al., 2006). Non-selective autophagic cell death of the conidium is essential
for appresorium function and pathogenesis (Kershaw et al., 2009). During appressorium
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development a layer of melanin is deposited under the cell wall of the infection cell (Chumley and
Valent, 1990). This melanin layer serves as a semi-permeable barrier that helps generate enormous
cellular turgor pressure within the appressorium through the rapid influx of water into against a
concentration gradient of glycerol, which accumulates to molar concentrations within the
appressorium (de Jong et al., 1997; Talbot, 2003; Wilson and Talbot, 2009). Mutants deficient in
various steps of the melanin biosynthesis pathway, including Δalb1, Δbuf1, and Δrosy1, are
therefore unable to generate high osmotic turgor pressure and are non-pathogenic (Chumley and
Valent, 1990). The M. oryzae appressorium generates turgor pressure of up to 8.0 MPa (80 bar)
which is approximately 40 times the pressure in a car tire. This extreme biological pressure is
translated into physical force, in a manner that is still not well understood, and applied through a
narrow penetration peg to rupture rice cuticle (Figure 1) (Howard et al., 1991). A pressure-sensing
histidine aspartate kinase, Sln1, controls turgor-driven plant infection in M. oryzae by negatively
regulating melanin biosynthesis and glycerol production as soon as the appressorium reaches a
threshold a turgor (Ryder et al., 2019). Sln1 interacts with protein kinase C (Pkc1) (Penn et al.,
2015) which, in turn, phosphorylates NoxR (Ryder et al., 2013) and the S-phase checkpoint is
triggered (Osés-Ruiz et al., 2017). This leads to appressorium repolarization through the assembly
of a novel higher order septin ring-like structure around the appressorium pore, and the
reorganization of the F-actin cytoskeleton to assist polarized hyphal growth (Ryder et al.,
2019).Septin-mediated F-actin reorganization in turn requires the NADPH oxidase (Nox)
regulated synthesis of the reactive oxygen species (Egan et al., 2007; Ryder et al., 2013). Nox2
and NoxR are required for assembly of the septin ring and for recruiting the F-actin network which
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leads to the establishment of polarized growth in the form of a penetration hypha which is forced
through the host cuticle.

Figure 1. Infection-related development by the rice blast fungus M. oryzae.
Cartoon depicting key stages of appressorium morphogenesis based on cell biological observation
in (Veneault-Fourrey et al., 2006; Saunders et al., 2010b; Dagdas et al., 2012; Dulal et al., 2020).
Following the adherence of the conidium to the leaf surface, in the presence of free water, the
conidium quickly germinates, extending a highly polarized germ tube. Between 2-3 hours post
inoculation (h.p.i.) a nucleus migrates into the germ tube and undergoes a single mitotic division.
The daughter nucleus migrates into the incipient appressorium, while the mother nucleus returns
to the conidium cell from which it migrated. Soon after (3-6 h.p.i.), a septum is deposited in the
neck of the appressorium and a septin disc-like structure forms at the base of the appressorium.
The conidium undergoes autophagic programmed cell death and the septin disc is remodeled into
a ring-like structure which scaffolds and organizes the F-actin cytoskeleton. Following
melanization of the appressoria, the appressorium generates high osmotic turgor pressure and
rupture the host cuticle using a narrow penetration hypha.
Having ruptured the tough outer leaf cuticle, M. oryzae extends a single primary invasive hypha
into the first host cell. Primary invasive hyphae are entirely enclosed within a host plasma
membrane called the extra-invasive hyphal membrane (Khang et al., 2010; Giraldo et al., 2013).
Soon after entering the host cell, the primary hypha induces the formation of a plant-derived
membrane-rich structure called the biotrophic interfacial complex, from which M. oryzae secretes
an arsenal of low molecular weight proteins called effectors into the host cytoplasm (Fernandez
and Orth, 2018). These effectors are thought to modulate diverse aspects of host physiology to
allow the biotrophic (symptomless) colonization of plant tissue by M. oryzae. Having colonized
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the first host cell, the fungus moves to neighboring cells through plant intracellular channels called
plasmodesmata. The fungus requires less pressure to cross cell walls between two adjacent rice
cells compared to the turgor pressure necessary for appressoria to rupture the rice cuticle
(Kankanala et al., 2007). The Pmk1 MAP kinase pathway regulates rice tissue invasion by
controlling the expression of fungal effector proteins and regulating the septin-mediated
constriction of invasive hyphae necessary for them to pass through pit fields (Sakulkoo et al.,
2018). Thus, septins proteins are critical for appressorium-mediated plant infection and the
subsequent cell-to-cell movement of hyphae, and tissue colonization.

1.3 Introduction to septins and their role in appressorium organization
Septins are guanosine triphosphate-binding proteins conserved in fungi and animals, but not found
in higher plants (Pan et al., 2007; Nishihama et al., 2011), and are regarded as the fourth component
of cytoskeleton (Mostowy and Cossart, 2012). Much of our current understanding of septin form
and function comes from pioneering studies in the budding yeast, Saccharomyces cerevisiae. The
septins (cdc3, cdc10, cdc11, and cdc12) were first identified in a genetic screen to identify mutants
defective in cell division (Hartwell, 1971). Septin proteins self-polymerize into hetero-octameric
rods and filaments (Bertin et al., 2008) (Figure 2), which are further organized into higher-order
ultrastructures at the cell cortex (Bridges and Gladfelter, 2015). Septin assembly is proposed to
occur through the diffusion-driven annealing of septin complexes on the plasma membrane
(Bridges et al., 2014). This diffusive-annealing behavior has been observed at the cortex of fission
yeast cells by Total Internal Fluorescence microscopy and reconstituted in vitro using purified
septins and supported lipid bilayers (Bridges et al., 2014). Septins can sense micron-scale
membrane curvature within cells, via an amphipathic helix at the C-terminus of Cdc12 (Cannon et
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al., 2019). Higher order septin assemblies associate structurally and functionally with the actin
cytoskeleton (Field and Kellogg, 1999), and are physically integrated with actin bundles in higher
eukaryotes (Rodal et al., 2005). Septins are involved in controlling diverse cellular functions
including cell division (Ong et al., 2014), membrane remodeling (Beber et al., 2019), and
cytoskeleton organization (Spiliotis, 2018). In fungi, septins are localized at the base of projections
including buds, spores, reproductive structures, hyphae, and germ tubes (Lindsey and Momany,
2006). Septins directly influence cell morphology and the cell cycle in budding yeast, forming
‘hourglass-shaped’ structures in the bud neck which acts as scaffolds to localize and concentrate
proteins involved in cytokinesis (Longtine et al., 1996; Gladfelter et al., 2005). The Myo1p (type
II myosin) actomyosin contractile ring forms in the mother bud neck of S. cerevisiae is a septindependent manner (Bi et al., 1998). In M. oryzae, five septin genes have been identified out of
which Sep3, Sep4, Sep5, and Sep6 showed 47%, 55%, 45%, and 57% amino acid identity,
respectively, to four core septins: Cdc3, Cdc10, Cdc11 and Cdc12 in S. cerevisiae (Dagdas et al.,
2012; Hartwell, 1971).
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Figure 2: Schematic diagram of linear rod and paired filament assemblies in yeast.
Cartoon depicting the organization of septin proteins in a linear hetero-octameric rod and paired
filament assemblies in yeast, based on illustrations in Bertin et al., (2008). Septin proteins form
associations with their neighbor through either a “G interface”, which involves contacts around
the guanine nucleotide-binding site, or an N-C interface, which involves the N-terminal alpha
helices.
The M. oryzae core septins assemble into a hetero-oligomeric ring-like structure around the
appressorium pore (Dagdas et al., 2012). This septin ring-like structure is proposed to provide
cortical rigidity to the appressorium during turgor generation (Gilden and Krummel, 2010), and
act as a lateral diffusion barrier to organize polarity determinants at the base of the appressorium
(Dagdas et al., 2012). Several plasma membrane-associated proteins, such as the
ezrin/radixin/moesin (ERM) protein Tea1, are colocalized with the F-actin and septin network as
a punctate ring in the appressorium. Similarly, the phosphatidylinositol (PtdIns)–4-kinase, Sst4,
and the PtdIns4-phosphate-5-kinase Mss4, which phosphorylates the ERM protein, are localized
to the appressorium pore. Importantly, these membrane-associated proteins mislocalize in the
absence of a cortical septin ring. In S. cerevisiae, inverse Bin/Amphiphysin/Rvs I-BAR domain
proteins generate negative membrane curvature which leads to plasma membrane protrusions
(Zhao at al., 2011). Likewise, in M. oryzae, the septin ring helps to localize Rvs167, an I-Bar
containing domain, and Las17, a component of WASP/Arp2/3 complex, to the appresorium pore
7

which mediates the linkage of F-actin network at the cortex to the membrane curvature (Mattila et
al., 2007, Takenawa and Suetsugu, 2007). In addition, M. oryzae septins mediate the assembly of
the exocyst complex specifically at the appressorium pore which is required for appressorium
repolarization and plant infection (Gupta et al., 2015).

1.4 Rationale
The M. oryzae core septins (Sep3, Sep4, Sep5, and Sep6) serve as cellular building blocks to form
a higher order septin ring-like structure at the base of the appressorium that is essential for
pathogenesis (Dagdas et al., 2012). Despite numerous studies investigating septin biology in M.
oryzae (Dagdas et al., 2012; Ryder et al., 2013; Gupta et al., 2015; Ryder et al., 2019) virtually
nothing is understood about how septin ring formation proceeds in time and subcellular space
during appressorium development. My first chapter provides novel insights into the spatiotemporal
dynamics of septin ring formation by M. oryzae using quantitative 4D widefield fluorescence
imaging (Dulal et al., 2020).

Currently, little is understood about how the septin ring is assembled at the right time and in the
right place during appressorium morphogenesis by M. oryzae. Other than the Rho family GTPase
Cdc42 and the Pmk1 mitogen-activated protein kinase Chm1 (Dagdas et al, 2012), relatively few
proteins that regulate the assembly of these infection-specific septin structures have been
identified. In my second chapter I employ a proximity-dependent labelling approach to identify
novel regulatory proteins that interact with septins. Proximity-dependent labelling, unlike
conventional co-immunoprecipitation, is able to identify proteins that interact only weakly or
transiently with a protein of interest (Varnaite and MacNeill, 2016). We generated a M. oryzae
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strain in which one of the core septins, Sep3, is genetically tagged with an engineered promiscuous
biotin ligase enzyme TurboID (Branon et al., 2018). In the presence of exogenous biotin, a highly
reactive biotin intermediate (biotinyl-5’-AMP) is released by the enzyme, and the activated biotin
reacts with exposed lysine residues on the proximal proteins within a defined radius of ~10 nm.
These biotinylated proximal interacting proteins can be isolated through pull-down using
streptavidin-conjugated magnetic beads and identified through mass spectrometry. Using this
approach, we identified the actin modulating protein coronin, and provide evidence that coroninmediated actin remodeling is important for septin ring formation during appressorium
morphogenesis.
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2.1 Abstract
The rice blast fungus Magnaporthe oryzae differentiates a specialized infection structure called an
appressorium which it uses to break into plant cells using the directed application of enormous
turgor force. Appressorium-mediated plant infection requires the timely assembly of a higherorder septin ring structure at the base of the appressorium, which is needed to spatially orchestrate
appressorium repolarization. Here we use quantitative 4D widefield fluorescence imaging to gain
new insight into the spatiotemporal dynamics of septin ring formation, and septin-mediated actin
re-organization, during appressorium morphogenesis by M. oryzae. We anticipate that this will
provide a quantitative framework with which to begin to dissect the molecular mechanisms of
higher-order septin ring assembly in this devastating plant pathogenic fungus.
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2.2 Highlights
Quantitative 4D fluorescence imaging of appressorium morphogenesis by M. oryzae reveals the
spatiotemporal dynamics of a higher-order septin ring formation.
Two-color 4D fluorescence imaging highlights the dynamic recruitment of F-actin to the surface
of the M. oryzae septin ring.

2.3 Introduction
The filamentous ascomycete fungus Magnaporthe oryzae causes both rice and wheat blast disease,
and therefore poses a considerable threat to global food security (Islam et al., 2016). To enter foliar
tissue, the three-celled M. oryzae conidium produces a polarized germ tube, which grows only a
short distance along the leaf surface before differentiating at its apex to form a specialized infection
cell called an appressorium (Wilson and Talbot, 2009). In the presence of free water, the domeshaped appressorium generates enormous internal hydrostatic turgor pressure, equivalent to 40
times the pressure in a car tire (Howard et al., 1991). This pressure is somehow directed onto a
narrow penetration hypha, emerging from the base of the appressorium, which is then forced
through the tough leaf cuticle. While much remains to be understood about this process, a
significant breakthrough came with the discovery that proper repolarization of the M. oryzae
appressorium, and therefore plant infection, requires the assembly of a novel septin ring structure
at the base of the appressorium (Dagdas et al., 2012). Septin proteins belong to a highly conserved
family of guanosine triphosphate- binding proteins (although absent from higher plants), which
are now widely recognized as the fourth component of the eukaryotic cytoskeleton (Mostowy and
Cossart, 2012). Much of our current understanding of septin form and function stems from studies
in Saccharomyces cerevisiae, which identified four core septin proteins that function in the cell
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division cycle (Cdc3, Cdc10, Cdc11, and Cdc12) (Hartwell, 1971). Septin proteins form linear
hetero-oligomeric rods, which assemble into filaments that provide the basic building blocks for
higher-order structures (Bertin et al., 2008), including rings, bars and gauzes, at the cellular cortex
(Bridges and Gladfelter, 2015). During cell division in budding yeast, for example, septins form a
ring at the site of new bud emergence, which transitions into an hourglass-shaped collar before
ultimately splitting into two discrete rings during cytokinesis (Haarer and Pringle, 1987; Ford and
Pringle, 1991; Kim et al., 1991). Higher- order septin structures play diverse roles in eukaryotic
cells including serving as scaffolds for localized protein recruitment (Gladfelter, 2001), and
creating diffusion barriers between compartments. Consistent with this idea, the M. oryzae septin
ring, which is composed of Sep3, Sep4, Sep5, and Sep6, orthologs of Cdc3, Cdc10, Cdc11, and
Cdc12, respectively, serves as a scaffold for the formation of a toroidal F-actin network, essential
for appressorium repolarization (Dagdas et al., 2012). Furthermore, the appressorium septin ring
is thought to provide cortical rigidity, and to spatially organize proteins involved in generating
membrane curvature, necessary for emergence of the highly polarized penetration hypha from the
base of the appressorium (Dagdas et al., 2012). Precisely how higher-order septin structures
assemble, and indeed disassemble, at the right place and at the right time to orchestrate diverse
developmental events remains an active area of investigation, with much left to understand. The
ability of M. oryzae conidia to synchronously differentiate functional appressoria, containing novel
higher-order septin structures (uniformly orientated at their base), on a glass optical surface, in
only water, combined with its ease of culture and genetic tractability, make it a powerful model
system to dissect the mechanisms regulating septin organization in eukaryotic cells. Furthermore,
given the importance of septins for plant infection, improved understanding of factors controlling
their assembly into higher-order structures may inform new control strategies for rice and wheat
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blast disease. We set out to gain improved insight into the formation of the higher-order septin ring
structures by performing quantitative 4D fluorescence imaging of appressorium morphogenesis by
M. oryzae.

2.4 Results and discussion
First, we generated a M. oryzae strain ectopically expressing Sep5-GFP under the control of the
native Sep5 promotor (Dagdas et al., 2012) and, using widefield fluorescence deconvolution
microscopy, imaged appressorium differentiation in 3D over a period of 14 h with a temporal
resolution of 5 min (Video 1). Prior to the onset of germination, Sep5-GFP accumulates at the tip
of the apical cell of the three-celled conidium (Video 1, 00:45 h). At 00:55 h a polarized germ tube
emerges from the apical cell and extends for a short period of time, before undergoing isotropic
expansion at its tip to form an incipient appressorium. During this period, a diffuse “cloud” of
Sep5-GFP fluorescence is evident in the germ tube apex. At 04:10 h, a Sep5-GFP-labelled septum
is deposited in the neck of the appressorium, as previously described (Saunders et al., 2010), and
a disc-like structure emerges in the base of the appressorium (Video 1). We speculate that, during
this period, septin rods and filaments undergo annealing through their 2D diffusion and collision
on the plasma membrane at the base of the nascent appressorium, as previously shown in
Schizosaccharomyces pombe and Ashbya gossypii (Bridges et al., 2014). How this process is
confined to a particular region of the plasma membrane is unclear, but this could be dictated by
local membrane composition (Bridges and Gladfelter, 2015; Bertin et al., 2010) or demarcated by
the microtubule or actin cytoskeletons (Spiliotis, 2018). Between 07:00 h and 09:00 h the disc-like
septin structure undergoes a conspicuous contraction event, and a pore emerges in its center to
form a ring (Video 1). Normal assembly of this septin ring has been shown to require Chm1
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(Dagdas et al., 2012); a homolog of the yeast P21-activated kinase Cla4 (Li et al., 2004), and the
Rho-type GTPase Cdc42 (Dagdas et al., 2012), which are both established septin regulators
(Versele and Thorner, 2004; Gladfelter et al., 2002). Higher-order septin structures are well-known
to undergo dramatic remodeling events like those observed here. For example, the hourglass to
double ring transition occurring during cytokinesis in budding yeast sees a coordinated 90-degree
reorientation of paired septin filaments during ring splitting (DeMay et al., 2011; Ong et al., 2014).
Precisely how this process is orchestrated remains unclear, but continued analysis of the assembly
and remodeling of diverse septin higher-order structures in model filamentous fungi like M. oryzae
may provide new clues (Bridges and Gladfelter, 2014). The M. oryzae septin ring scaffolds and
organizes the actin cytoskeleton within the appressorium, but how this process proceeds in time
and subcellular space is not clear. To investigate this process further, we generated a M. oryzae
strain co-expressing Sep5-GFP and Lifeact-RFP (Dagdas et al., 2012), expressed ectopically under
the control of the Neuropsora crassa ccg-1 promotor (Berepiki et al., 2010), and imaged the
dynamic behavior of these fluorescent fusion proteins in 3D, over a period of 12 h with a temporal
resolution of 30 min (Video 2). 4D fluorescence imaging of this dual labelled strain revealed the
dynamic recruitment of F-actin to the upper surface of the septin ring structure at around 10 h post
inoculation (Video 2), and further demonstrated contraction of the Sep5-GFP-labelled structure
during appressorium maturation (Fig. 1). Next, we set out to quantify the dynamic behavior of
higher-order septin structures during appressorium morphogenesis, therein generating a cell
biological framework for dissecting the molecular mechanisms driving septin remodeling in this
system. As a first step, we performed 3D surface rendering of the Sep5-GFP-labelled septin
structures within appressoria, using an unbiassed automated approach (Fig. 1A), and then
measured the change in their volumes over time (Fig. 1B and C). As expected, this approach
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revealed a decrease in the fluorescence volume of Sep5-GFP-labelled appressorium septin
structures between their emergence at ~4 h post inoculation and their remodeling into a ring at
around 8 h post inoculation (Fig. 1B and C). To further confirm this, we manually measured the
diameter of the Sep5-GFP-labelled structures and observed a similar trend (Fig. 1D). What drives
constriction of the septin disc as it is remodeled into a ring? We frequently observe the formation
of an F-actin ring localized to the periphery of the septin disc structure prior to septin remodeling
(Fig. 1E left panels). We predict that this represents an actomyosin contractile ring, analogous to
those that promote cleavage furrow ingress during cytokinesis (Schwayer et al., 2016), which
might constrict the septin disc structure and remodel the underlying plasma membrane. In vitro
reconstitution assays have shown that septins alone are sufficient to organize actin filaments into
rings, and in flies, septin mutants are defective in ring formation (Mavrakis et al., 2014).
Additionally, the subsequent recruitment of F-actin to the surface of septin structure might promote
further remodeling and pore emergence (Fig. 1E right panels). What triggers the recruitment of
actin filaments to the surface of the septin ring? The dynamic recruitment of F-actin to the surface
of the septin ring structure could be regulated by posttranslational modifications to the septin
proteins themselves (Johnson and Blobel, 1999; Mortensen et al., 2002; Mitchell et al., 2011;
DeMay et al., 2009), or through the redox modulation of actin-binding proteins (Ryder et al.,
2013). Careful molecular and cell biological dissection of septin assembly, and septin-mediated
actin re-organization by M. oryzae, and other model fungal pathogens (Bridges and Gladfelter,
2014), promises to provide important new insight into the cellular control of septin behavior and
function in eukaryotic cells.
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Figure 1. 4D Quantitative analysis of septin ring formation.
A. Time-series showing the formation of a Sep5-GFP-labeled septin ring structure, at the base of
the appressorium, which becomes decorated with Lifeact-RFP-labeled actin filaments on its upper
surface (upper panels), and images showing 3D rendered surfaces representing the Sep5-GFP
fluorescence signal overlaid upon the same time series (lower panels). Scale bar = 4 mm Time
points are shown in hours. Images represent maximum intensity projections of Z stacks (71 x 0.2
mm). B. 3D rendered surfaces representing the Sep5-GFP fluorescence signal generated from the
same time-series. Surfaces are color-coded based on Sep5-GFP fluorescence volumes. C. Plot
showing the average volume of Sep5-GFP-labelled septin structures imaged over a period of 12 h.
Error bars represent ± SEM, n = 5. D. Plot showing the average diameter of Sep5-GFP-labelled
septin structures. Error bars represent ± SEM, n = 7. E. Fluorescence micrographs showing the
localization of Sep5-GFP and Lifeact-RFP within the same appressorium at 6.0 hours (left panels)
and 7.0 hours (right panels).
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2.5 Methods
2.5.1 Fungal growth conditions
Fungal culture and storage were performed using standard procedures and media prepared as
previously described (Talbot et al., 1993). M. oryzae cultures were maintained on Complete Media
(CM) and incubated at 25 °C under a 12:12 photoperiod for 12 days. Desiccated filter stocks were
used to regenerate cultures following no more than three rounds of sub-culturing.

For live-cell imaging experiments, conidia were harvested from 12-day-old plates in sterile water,
filtered through two-layers of Miracloth™ (EMD Millipore), and washed twice by centrifugation
(5000g for 5 mins). Conidia were counted using a hemocytometer and resuspended at a
concentration of 5 × 104 spores/mL in a total volume of 350μL. Conidial suspensions were
inoculated into 8-well Nunc™ Lab- Tek™ Chambered Coverglass chambers (Thermo Scientific)
and left undisturbed for ~30 min to allow the adherence of conidia to the bottom of the cell culture
chamber slide.

2.5.2 Fungal DNA isolation
Fungal genomic DNA was extracted from freeze-ground mycelium, grown on cellophane, using
the Cetyltrimethylammonium Bromide (CTAB) method as previously described (Talbot and
Talbot, 2001). Subsequent polymerase chain reaction and gel electrophoresis were carried out
under standard procedures (Sambrook and Russell, 2001).
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2.5.3 Plasmids isolation
Sep5-GFP:BAR and Lifeact-RFP:ILV1 plasmids (Dagdas et al., 2012), both obtained from Nick
Talbot’s group (The Sainsbury Lab, United Kingdom) were propagated in NEB 10-beta Competent
E. coli (New England Biolabs Inc.) and purified using Wizard Plus SV Minipreps DNA
purification System (Promega).

2.5.4 Strain generation
Approximately 1μg of plasmid harboring the Sep5-GFP fusion construct was used to transform
wild type (Guy 11) protoplasts by polythene glycol-mediated transformation, as previously
described (Talbot and Talbot, 2001). Fungal transformants were selected based on resistance to
phosphinothricin as conferred by a BAR selectable marker on the plasmid backbone.
Transformants were screened by fluorescence microscopy and then confirmed by PCR. Multiple
independent transformants ectopically expressing the Sep5-GFP fusion product were
simultaneously analyzed by fluorescence microscopy, and all of these displayed expression and
localization patterns consistent with those previously described for this construct (Dagdas et al.,
2012; Ryder et al., 2013). One of these transformants was then further transformed with a plasmid
harboring a Lifeact-RFP fusion construct and an ILV1 allele conferring resistance to sulfonylurea,
which was used to select Lifeact-RFP expressing transformants, which were screened by
fluorescence microscopy and confirmed by PCR. Again, multiple independent transformants
ectopically expressing the Lifeact-RFP fusion product were analyzed by fluorescence microscopy,
and all these displayed expression and localization patterns consistent with those previously
described for this construct (Dagdas et al., 2012; Ryder et al., 2013).
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2.5.5 Live-cell imaging and image analysis
Fluorescence images were collected using a 100× 1.49 N.A. oil immersion Apo TIRF Nikon
objective on an inverted Nikon Ti-E Eclipse epifluorescence microscope equipped with Perfect
Focus System (Nikon) and a motorized Piezo stage. Fluorescent proteins were excited using an
AURA II solid state triggered illuminator with 4 channel light source (395 nm, 485 nm, 560 nm,
640 nm) and detected using an iXon Ultra 897 electron multiplier CCD Camera (Andor
Technology). All microscope hardware was controlled by NIS-Elements Advanced Research
(version 4.60), and all data sets were deconvolved, with spherical aberration correction and
background subtraction, using the “Automatic” 3D deconvolution option in this software. Drift
correction was performed on 3D time-lapse sequences using the ‘3D Registration’ plugin for Fiji
(Schindelin et al., 2012). 3D surface rendering of Sep5- GFP fluorescence and volume quantitation
was performed in Imaris 9.5.1 (Bitplane) using the “surfaces” function.
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2.8 Appendix
Supplementary material

Video 1. Formation of a higher-order septin structure during appressorium morphogenesis
Time-lapse sequence showing a three-celled M. oryzae conidium expressing Sep5-GFP
undergoing germination and appressorium development in vitro, imaged with high temporal
resolution. The formation of a flat disc-like septin structure at the base of the appressorium
precedes its remodeling into a ring, which begins to resolve around 10 h post inoculation.
Fluorescence images represent maximum intensity projections of Z stacks (71 x 0.2 mm) acquired
every 5 mins for a total of 14 h. The video runs at a frame rate of 20 frames per second.
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Video 2. Dynamic recruitment of actin filaments to the appressorium septin ring upon
maturation.
Time-lapse sequence showing a three-celled M. oryzae conidium expressing Sep5-GFP and
Lifeact-RFP (actin filaments) undergoing germination and appressorium development in vitro.
Midway through the video, the sample rotates ~90 degrees to give a side-on view of appressorium
development. Recruitment of Sep5-GFP to a septum forming at the appressorium neck is evident
at the 3.0 h timepoint. Lifeact-RFP-labeled actin filaments begin to decorate the septin ring from
10 h onwards. Fluorescence images represent maximum intensity projections of Z stacks (71 x 0.2
mm) acquired every 30 mins for a total of 12 h. The video runs at a frame rate of 10 frames per
second.
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Summary statement:
Here we provide new insight into the F-actin-mediated formation of a septin ring-like structure
within the specialized pressure-generating infection cells of the rice blast fungus, Magnaporthe
oryzae.

3.1 Abstract
The fungus Magnaporthe oryzae uses a specialized pressure-generating infection cell called an
appressorium to break into rice leaves and initiate disease. Appressorium functionality is
dependent on the formation of a cortical septin ring during its morphogenesis, but precisely how
this structure assembles is unclear. Here we show that F-actin rings are recruited to the
circumference of incipient septin disc-like structures in a pressure-dependent manner, and that this
is necessary for their contraction and remodeling into rings. We demonstrate that the structural
integrity of these incipient septin discs requires both an intact F-actin and microtubule cytoskeleton
and provide fundamental new insight into their functional organization within the appressorium.
Lastly, using proximity-dependent, labelling we identify the actin modulator coronin as a septin
proximal protein and show that F-actin-mediated septin disc-to-ring remodeling is perturbed in the
genetic absence of coronin. Taken together, our findings provide new insight into the dynamic
remodeling of infection-specific higher-order septin structures in a globally significant fungal plant
pathogen.

3.2 Introduction
The filamentous fungus Magnaporthe oryzae causes a devastating disease of cultivated rice (Yan
and Talbot, 2016), and more recently wheat (Islam et al., 2016), called blast, which continues to
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threaten food security across the globe (Skamnioti and Gurr, 2009). Rice blast infections begin
when a three-celled pyriform spore lands on and adheres to the surface of a susceptible host leaf.
In the presence of free water, typically in the form of dew droplets, the spore produces a polarized
germ tube which extends a short distance before differentiating at its tip to form a specialized
infection cell called an appressorium (Talbot, 2019). Remarkably, these dome-shaped cells
generate enormous hydrostatic turgor pressure (8.0 MPa), equivalent to ~40 times the pressure in
a car tire, through the intracellular accumulation of molar concentrations of glycerol coupled to
the influx of extracellular water (de Jong et al., 1997). This extreme biological pressure provides
the force necessary to mechanically rupture the tough outer leaf cuticle using a narrow penetration
structure which emerges from the base of the appressorium (Howard et al., 1991). Importantly,
normal appressorium function is dependent on the assembly of a septin ring-like structure which
forms within its base (Dagdas et al., 2012). Septins are a broadly conserved family of GTP-binding
cytoskeletal proteins, though absent in higher plants (Pan et al., 2007), which self-assemble into
linear hetero-oligomeric rods and filaments through diffusion-driven annealing on the plasma
membrane (Bridges et al., 2014). These filaments are in turn organized into higher order structures,
including gauzes, bars and rings, at the cellular cortex by mechanisms that remain incompletely
understood (Bridges and Gladfelter, 2015; Marquardt et al., 2019). Septins associate with
membranes (Bridges et al., 2016), and other cytoskeletal polymers (Spiliotis, 2018), and function
in diverse cellular processes in eukaryotic cells and tissues including membrane remodeling (Beber
et al., 2019), cell polarity (Berepiki and Read, 2013), and exocytosis (Tokhtaeva et al., 2015).
Unsurprisingly then, septin dysfunction is linked to numerous diseases in humans including cancer
(Angelis and Spiliotis, 2016), and neurodegenerative disorders (Peterson and Petty, 2010). In the
case of M. oryzae, the appressorium septin ring is thought to provide cortical rigidity during turgor
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production and serves as a diffusion barrier to organize polarity determinants at the appressorium
base for repolarization and cuticle penetration (Dagdas et al., 2012; Ryder et al., 2013; 2019).
Despite its critical role in role in plant infection, very little is understood about how the
appressorium septin ring forms in time and subcellular space. Importantly, improved
understanding of this process in M. oryzae, and other pathogenic fungi, could provide new clues
into the regulation of septin assembly in diverse systems (Bridges and Gladfelter, 2015). Several
aspects of M. oryzae infection biology make it especially well-suited for understanding septin
assembly behavior. Firstly, M. oryzae spores, inoculated in water, will undergo near-synchronous
appressoria differentiation on the surface of a microscope cover glass, elaborating fully formed
septin rings in under 12 hours (Dagdas et al., 2012). Both the spores themselves and the appressoria
self-adhere to the cover glass surface (Hamer et al., 1988), facilitating their long-term imaging
(Dulal et al., 2020). Furthermore, compared with those in budding yeast (Oh and Bi, 2011),
appressorium septin rings are large (~4 um in diameter) and uniformly orientated throughout their
genesis, lying parallel to the imaging surface. Lastly, M. oryzae has a genetic tractability on par
with other model fungi permitting the application of classical and reverse genetic approaches
(Kershaw et al., 2019). Previously, using this system, we showed that septin structures undergo
remodeling from an incipient disc-like structure to a toroidal ring during appressorium
development (Dulal et al., 2020). Here, we provide evidence that this septin disc-to-ring transitions
is driven, in part, by dynamic remodeling of the F-actin cytoskeleton in M. oryzae.

3.3 Results and Discussion
We set out to learn more about how infection-specific septin rings form during appressorium
development by M. oryzae, and to better understand the role of the F-actin cytoskeleton in this
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process. As a first step, we simultaneously imaged the septin (Sep5-GFP) and F-actin (LifeactRFP) cytoskeletons in M. oryzae over a period of 12 hours during appressorium development
(Figure 1A and 1B). Consistent with our previous findings (Dulal et al., 2020), 4D fluorescence
imaging revealed that an F-actin ring forms around the circumference of an incipient septin disclike structure soon after a septation event occurs in the neck of the appressorium (Saunders et al.,
2010b) (Figure 1A and Movie S1). Following contraction of the septin disc-like structure, the Factin cytoskeleton was rapidly reorganized around the now emerging septin toroidal ring (Figure
1A-C). Formation of a functional septin ring is dependent on the appressorium reaching a turgor
pressure threshold which is sensed by the histidine-aspartate kinase Sln1 (Ryder et al., 2019).
Turgor generation in turn requires the biosynthesis and deposition of melanin within the
appressorium cell wall which serves as a barrier to the efflux of glycerol (Chumley and Valent,
1990; de Jong et al., 1997). Melanin deficient mutants are unable to generate high turgor pressure
and are therefore non-pathogenic (Chumley and Valent, 1990). We wondered at what point septin
ring formation stalls in the absence of appressorium turgor production, and what this might tell us
about the progression of septin ring development. To explore this idea, we deleted the gene BUF1,
encoding for the enzyme tetrahydroxynaphthalene reductase which catalyzes the second to last
step in melanin biosynthesis (Cros et al., 1994), in our Sep5-GFP and Lifeact-RFP co-expressing
strain and imaged the behavior of the F-actin and septin cytoskeletons during appressorium
morphogenesis. Interestingly, Dbuf1 mutants were able to elaborate normal disc-like septin
structures following the isotropic expansion of appressoria, but these ultimately stalled and did not
undergo typical contraction and remodeling behaviors (Figure 1D and 1E). Strikingly, F-actin
rings failed to form around the edge of disk-like structures in Dbuf1 mutants and instead, LifeactRFP-labelled puncta, likely representing endocytic actin patches, decorated the periphery of the
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appressorium (Figure 1D lower panels). Taken together, our data supports the idea that pressuredependent F-actin ring formation and subsequent ring contraction initiates the remodeling of septin
disc-like structures into toroidal rings during appressorium development.

3.3.1 Incipient septin disc-like structures require an intact F-actin and microtubule
cytoskeleton for their structural integrity.
We hypothesize that remodeling of the appressorium septin disc-like structure into a toroidal ring
is driven, at least in part, by F-actin ring contractility (Figure 2A). We therefore reasoned that
pharmacological disruption of F-actin would prevent septin disc contraction and remodeling within
the appressorium. To test this idea, we added the actin-depolymerizing agent latrunculin A (LatA),
or DMSO (carrier control), to conidia undergoing appressorium development shortly after the
emergence of incipient septin discs, but before the formation of F-actin rings (Figure 2B and 2C).
Strikingly, LatA-mediated disruption of F-actin caused septin disc-like structures to rapidly
fragment (Figure 2B and 2H, and Movie S2) and, consistent with previous studies in the model
fungus Ashbya gossypii (DeMay et al., 2009) resulted in the emergence of numerous Sep5-GFPlabelled rings and puncta within conidial cells (Figure 2C). In contrast, LatA-mediated disruption
of F-actin after septin rings had fully formed had little effect on the integrity of these higher-order
structures (Figure 2D). Interestingly, septin ring-associated F-actin arrays were more recalcitrant
to depolymerization by LatA, perhaps due to their tightly bundled organization (Figure 2D). Thus,
an intact F-actin cytoskeleton is essential for the maintenance of transient disc-like septin
assemblies during appressorium differentiation, highlighting the interdependence of these
cytoskeletons (Schmidt and Nichols, 2004), but is dispensable for the integrity of mature higherorder ring structures.
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We were curious as to the extent of functional interplay between the microtubule and actin
cytoskeletons during appressorium morphogenesis. Microtubules arrays are known to play a
pivotal role in positioning the actomyosin contractile ring during cytokinesis in animal cells
(Pollard and O'Shaughnessy, 2019). We wondered microtubules might also promote F-actin ring
formation, or positing, during septin ring genesis in M. oryzae. Simultaneous fluorescence imaging
of microtubules (b-tubulin-GFP) and F-actin (Lifeact-RFP) revealed their close spatial association
within incipient appressoria (Figure 2E). Furthermore, the emergence of microtubule rings at the
base of appressoria prior to F-actin ring formation and thickening (Figure 2E) is consistent with
the idea that microtubules can template or scaffold actin polymerization. To investigate this idea
further, we added the microtubule disrupting drug benomyl to conidia undergoing appressorium
differentiation and monitored the behavior of the F-actin cytoskeleton by fluorescence microscopy
(Figure 2F, lower panels). Benomyl-mediated microtubule disruption impaired F-actin ring
formation and condensation within developing appressoria when compared with solvent only
controls (Figure 2F, upper panels and Movie S3). Interestingly, microtubules have been shown to
contribute to the assembly and closure of actomyosin contractile rings during wound closure in
frog oocytes (Mandato and Bement, 2003), and it is possible that they might play a similar role
during appressorium morphogenesis.

During infection-related development the toroidal septin ring is thought to promote repolarization
of the appressorium following a period of sustained isotropic expansion (Dagdas et al., 2012).
Given that septins are known to organize microtubule arrays in other polarizing cell types (Bowen
et al., 2011), we were curious as to the spatial relationship and interdependency between
microtubules and septins during appressorium development by M. oryzae. Our 4D fluorescence
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imaging revealed that appressoria contained vertically orientated polarized microtubule arrays,
with their plus ends in close proximity to cortical septin structures at the base of appressoria (Figure
2G upper panels, and 2I). We speculate that septins might help to stabilize appressorium
microtubules through modulation of their plus end dynamics (Bowen et al., 2011; Spiliotis, 2018;
Nakos et al., 2019). As expected, benomyl-mediated microtubule disruption resulted in gradual
fragmentation of the septin disc-like structure at the base of the appressorium which dispersed over
the course of 12 hours (Figure 2G, lower panels). Interestingly, intact microtubules are similarly
required for the stability of cortical septin discs during interphase in human non-adherent K562
cells (Sellin et al., 2011) but are dispensable for septin assembly and organization in A. gossypii
(DeMay et al., 2009). Importantly, deletion of the gene encoding for the core septin, Sep3, resulted
in mutants that produced structurally distorted appressoria that, consistent with previous studies
(Dagdas et al., 2012), were unable to form Sep5-RFP-labelled septin structures at their bases
(Figure 2H). In the absence of a basal septin structure, DMosep3 mutants retained the ability to
generate vertical microtubule arrays, although these appeared less organized than those in wild
type (Figure 2H). Thus, there is a high degree of functional co-operation between the microtubule,
actin and septin cytoskeletons during appressorium morphogenesis by M. oryzae.

3.3.2 Coronin is a transient septin proximal protein whose dynamics are modulated by higher
order septin structures.
Next, in an effort to gain new insight into the control of septin ring assembly during appressorium
morphogenesis we genetically tagged MoSep3, the M. oryzae ortholog of the budding yeast septin
Cdc3 (Hartwell, 1971), at its C-terminus with the engineered biotin ligase TurboID (Branon et al.,
2018), and identified putative proximal interacting proteins through streptavidin-mediated
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pulldown and mass spectrometry (Figure 3A and 3B). Using this approach, we identified a total of
220 proteins, 63 of which were identified exclusively in the Sep3-TbID sample and were absent
from a wild type control. Among these 63 affinity purified proteins, were each of the M. oryzae
core septin proteins MoSep3/Cdc3 (through self-biotinylation), MoSep4/Cdc10, MoSep5/Cdc11
and MoSep6/Cdc12, as well as a-tubulin isoforms, Rho GDP-dissociation inhibitor, and F-actinmodulating proteins including cofilin and coronin (Figure 3B). Given that coronins can crosslink
both microtubules and actin (Goode et al., 1999; Rothenberg et al., 2003), and are known to
facilitate the remodeling for F-actin networks for contractility (Michael et al., 2016), we were
curious as to whether the M. oryzae coronin ortholog (MoCrn1) plays an important role in
microtubule and actin-dependent septin ring formation during appressorium morphogenesis.
Additionally, the findings of a recent study supported a role for MoCrn1 in the organization of Factin within appressoria and, furthermore, demonstrated its importance for pathogenesis by M.
oryzae (Li et al., 2019).

As a first step towards validating MoCrn1 as a septin proximal protein, we generated a M. oryzae
strain co-expressing Sep5-RFP and Crn1-GFP and determined the relative localization of these
fluorescent fusion proteins during appressorium morphogenesis (Figure 3C and 3D). During the
initial isotropic expansion of the appressorium Crn1-GFP localized to discrete puncta, representing
endocytic actin patches (Li et al., 2019), which were uniformly distributed around the periphery
of the cell, but largely excluded from the septin-disc like structure at the base (Figure 3C).
Strikingly, as appressorium development progressed, Crn1-GFP localization transitioned from the
appressorium periphery to the base, in close proximity to Sep5-RFP-labelled septin structures
(Figure 3C and 3D, and Movie S4). Based on our 4D fluorescence imaging we propose that this
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shift in Crn1-GFP localization reflects both the initiation of polarized endocytosis from the
appressorium base, and the association of Crn1-GFP with the F-actin cytoskeleton (Figure E).
Interestingly, we found that MoCrn1-GFP only sporadically decorated contractile F-actin rings.
However, at later stages of appressorium morphogenesis, when F-actin filaments were more
densely bundled and associated with the incipient septin ring, co-localization with MoCrn1-GFP
was more evident (Figure 3I). Consistent with these observations, coronin similarly localizes to
the F-actin contractile ring during cytokinesis in fission yeast and Dictostyleium (Fukui et al.,
1999; Pelham and Chang, 2002).

Higher order septin structures are thought to act as lateral diffusion barriers that help to spatially
organize membrane-associated proteins and compartmentalize the plasma membrane (Bridges and
Gladfelter, 2015). Consistent with this idea, in M. oryzae, proteins involved in generating
membrane curvature and actin nucleation have been shown to mislocalize at the base of the
appressorium in septin deletion mutants (Dagdas et al., 2012). We wondered whether septin rings
similarly organize proximal Crn1-GFP-labelled actin patches in mature appressoria and whether
we could detect quantitative changes in the diffusive behavior of these endocytic complexes in
their absence. To test this idea, we tracked Crn1-GFP puncta at the base of mature appressoria in
wild type and in Dbuf1 mutants in which septin disc-like structures are not remodeled into rings
and are largely dispersed by 24 hours post inoculation (Figure 3F and G). Unlike septin deletion
mutants, Dbuf1 mutants, owing to their ability to initially elaborate disc-like structures, retain wild
type-like appressorium geometries and thus are better suited for this analysis. Interestingly, we
found the mean square displacement of Crn1-GFP puncta in the base of Dbuf1 mutant appressoria
to be significantly larger than in the wild type, consistent with the idea that membrane-associated
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septin rings can modulate the diffusion of Crn1-GFP-labelled actin patches (Figure 3H and I). One
caveat is that appressorium turgor pressure, which may also influence Crn1-GFP diffusion
dynamics, is reduced in Dbuf1 mutants compared to wild type. Thus, Crn1 is transiently in close
proximity to both the septin and F-actin cytoskeletons during disc-to-ring remodeling during
appressorium development.

3.3.3 Coronin promotes normal F-actin remodeling and concomitant septin organization
during appressorium development
To test the role of MoCrn1 in appressorium morphogenesis by M. oryzae we deleted the MoCrn1encoding gene in a strain co-expressing Sep5-GFP and Lifeact-RFP and imaged F-actin and septin
dynamics in DMocrn1 mutants relative to a wild type control. Our 4D fluorescence imaging
showed that DMocrn1 mutants were able to form F-actin rings around incipient septin disc-like
structures in a manner indistinguishable from wild type appressoria (Figure 4A). Furthermore,
septin disc-like structures underwent similar rates of contractions to those of the wild type in the
genetic absence of MoCrn1 (Figure 4B). Strikingly, however, we found that DMocrn1 mutants
were more likely to undergo “catastrophes” during the reorganization of F-actin onto the surface
of incipient septin rings (wild type = 9.1% ± 2.0 (SD) verses DMocrn1 = 24.4% ± 4.0) (Figure
4C). During these catastrophes, Lifeact-RFP-labelled F-actin rapidly fragmented and became
punctate, resulting in structural disruption to the septin cytoskeleton (Figure 4 D and E and Movie
S5). Consistent with this observation, when we imaged mature appressoria (24 hpi) we found that
in DMocrn1 mutants, F-actin was more often disorganized and only loosely associated with septin
rings compared with the wild type strain (wild type = 9.1% ± 2.1 (SD) verses DMocrn1 = 33.3%
± 5.2) (Figure 4F and G). Furthermore, Sep5-labelled septin rings/structures in DMocrn1 mutants
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were more heterogenous in their morphology, compared to the wild type control, and often lacked
a well-formed central pore (Figure 4G and H). Thus, in the genetic absence MoCrn1, septinscaffolded F-actin remodeling is more prone to failure, resulting in concomitant disruption of
septin ring formation during appressorium development. Taken together, our data supports a model
in which F-actin rings are recruited, in a pressure-dependent manner, to the circumference of
incipient septin disc-like structures to initiate their contraction and remodeling. Following
successful contraction, F-actin is rapidly reorganized, in a coronin-mediated manner, along the
surface of the contracted septin disc to promote toroidal ring formation and pore emergence. We
speculate that this might be achieved by spatially regulated actomyosin-dependent forces acting
upon organized septin filaments within higher-order structures. In conclusion, our study highlights
the utility of M. oryzae as a model system for understanding F-actin and septin dynamics and
provides evidence that F-actin behavior drives septin remodeling during infection-related
development.

3.4 Materials and methods
3.4.1 Fungal growth conditions
M. oryzae strains were cultured and stored using standard procedures (Crawford et al., 1986) and
media prepared as previously described (Talbot et al., 1993). M. oryzae plate cultures were
maintained on Complete Media (CM) and incubated at 25°C under a 12:12 photoperiod for 10-12
days. Desiccated filter stocks, stored at -20°C, were used to regenerate strains after no more than
two rounds of subculture. For fluorescence microscopy-based experiments, conidia were isolated
from 12-day-old plate cultures in sterile water, passed through two-layers of Miracloth™ (EMD
Millipore), and washed twice by centrifugation (5000 x g for 5 mins) to remove hyphal debris and
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traces of media. Conidia were enumerated on a hemocytometer and resuspended to a concentration
of 5 x 104 spores/mL in a total volume of 350 μL. Conidial suspensions were pipetted into 8-well
Nunc™ Lab-Tek™ chambers (Thermo Scientific) and left undisturbed for approximately 30
minutes to allow the adherence of conidia to the borosilicate cover glass.

3.4.2 Strain construction
DNA constructs for targeted gene replacements and protein tagging were assembled using either
In-Fusion cloning (Clontech Laboratories) or yeast gap repair (Orr-Weaver et al., 1983) from linear
PCR products amplified using high-fidelity Phusion polymerase (New England Biolabs).
Oligonucleotides were designed in SnapGene (version 4.3.10, GSL Biotech) and genomic DNA
sequences

were

retrieved

from

the

M.

oryzae

database

(http://fungi.ensembl.org/Magnaporthe_oryzae/Info/Index).
Sep5-GFP:BAR (Dagdas et al., 2012), Lifeact-RFP:ILV1 (Berepiki et al., 2010; Dagdas et al.,
2012) and b-tubulin-GFP:ILV1(Saunders et al., 2010a) plasmids were obtained from Nick Talbot
(The Sainsbury Lab). The Sep5-RFP:BAR plasmid was generated by replacing the GFP-encoding
gene of the Sep5-GFP plasmid (Dagdas et al., 2012) with the RFP-encoding gene derived from the
Lifeact-RFP:ILV1 plasmid (Berepiki et al., 2010; Dagdas et al., 2012). Similarly, to generate the
Lifeact-RFP:BAR plasmid, a fragment encompassing the Neurospora crassa ccg-1 promotor, the
Lifeact peptide sequence and the RFP-encoding sequence, was amplified from the LifeactRFP:ILV1 plasmid (Berepiki et al., 2010; Dagdas et al., 2012) and cloned into plasmid pCB1265
containing the BAR cassette(Sweigard et al., 1997). The Crn1-GFP plasmid harboring a
bleomycin-resistance cassette (Li et al., 2019), was obtained from Zengguang Zhang (Nanjing
Agricultural University).
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To generate the Sep3-TurboID-V5 construct a ~1.5 kb fragment of the MoSep3 open reading frame
(ORF) was fused in-frame with the TurboID-V5-encoding sequence (Branon et al., 2018),
amplified from plasmid pRS415 (Addgene), followed by a hygromycin resistance cassette
amplified from pCB1004 (Sweigard et al., 1997), and an additional ~1 kb of targeting sequence
downstream of the Sep3 ORF, in a yeast gap repair plasmid.

To generate the MoCRN1 gene replacement construct, two ~1 kb fragments flanking the MoCRN1
ORF (MGG_06389) were amplified from gDNA and assembled at either end of a hygromycin
resistance cassette (HYG), amplified from plasmid pCB1004 (Sweigard et al., 1997), in a yeast
gap repair plasmid.

To generate the MoBUF1 gene replacement construct, two ~1 kb fragments flanking the MoBUF1
ORF (MGG_02252) were amplified from gDNA and assembled at either end of a hygromycin
resistance cassette (HYG), amplified from plasmid pCB1004 (Sweigard et al., 1997), in a yeast
gap repair plasmid.

3.4.3 Fungal transformation
Polythene glycol-mediated transformation of M. oryzae protoplasts was performed using
established protocol (Talbot and Talbot, 2001). A split marker strategy was used to generate the
∆Mocrn1 and ∆Mobuf1 mutants (Catlett et al., 2003). Briefly, protoplasts of the appropriate entry
strains were simultaneously transformed with two separate PCR products, amplified from the
respective full-length gene replacement constructs, representing 1 kb of either upstream or
downstream targeting sequence fused to complementary halves of the hygromycin resistance
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cassette sequence (HYG). A similar split HYG approach was used to target the Sep3-TbID-V5
construct to the endogenous MoSep3 locus. Homologous integration of the gene-deletion and
fusion constructs was confirmed by diagnostic PCR using primers upstream and downstream of
the expected integration sites and outside of the constructs themselves. For the generation of strains
expressing fluorescent fusion proteins, protoplasts were transformed with plasmids which
integrated into the genome ectopically.

3.4.4 Image acquisition and analysis
Fluorescence images were acquired on an inverted Nikon Ti-E Eclipse microscope equipped with
a 100x 1.49 N.A oil immersion Apo TIRF Nikon objective, Perfect Focus System (Nikon), a iXon
Ultra 897 electron multiplier CCD Camera (Andor Technology), and AURA II solid state triggered
illuminator with 4 channel light source (395nm, 485nm, 560nm, 640nm), all controlled by NISElements AR (version 4.60). For comparative time-course experiments, strains/treatments were
imaged simultaneously using multi-well Labtek chambers (Thermo Fisher, Pittsburgh, PA).
Acquired 3D and 4D data sets were deconvolved in NIS-Elements AR with spherical aberration
correction and background subtraction, using the “Automatic” 3D deconvolution option.
Brightness and contrast adjustments to maximum intensity projections of deconvolved 3D images
were made in Imaris (9.5.1; Bitplane), ImageJ (version 2.0; National Institutes of Health) and
Photoshop CC (2017.1.4; Adobe), and figures were compiled in Illustrator CC (22.1; Adobe).
Supplemental movies were generated in Imaris (9.5.1; Bitplane) and annotated in Premiere Pro
2020 (Version 14.0.0; Adobe).
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3.4.5 Pharmacological cytoskeleton disruption
Appressoria forming in multi-well Labtek chambers (Thermo Fisher, Pittsburgh, PA) were
monitored by fluorescence microscopy and when Sep5-GFP-labelled septa emerged at the germ
tube appressorium interface either dimethyl sulfoxide (DMSO) (1%, Sigma-Aldrich), latrunculin
A (LatA) (100 μM, MiliporeSigma) or benomyl (Ben) (5 mg/mL, Sigma-Aldrich) were added and
carefully mixed by micropipette. Drug effects were monitored and imaged by 4D fluorescence
microscopy.

3.4.6 Appressorium line scan analysis
Line scans were performed in Fiji (imageJ) using the line tool and “plot profile” function. Briefly,
10 μm lines were drawn across the diameter of Sep-GFP-labelled septin structures, perpendicular
to the position of the germ tube, in single focal planes of fluorescence micrographs. Fluorescence
intensity values were exported to Excel (Microsoft, version 15.24) for normalization and values
were plotted in Prism 8 (GraphPad, version 8.2.1).

3.4.7 Nucleic acid isolations and analysis
Genomic DNA was extracted from fungal mycelia using the Cetyl Trimethyl Ammonium Bromide
(CTAB) method as described previously (Talbot and Talbot, 2001). Polymerase chain reaction,
restriction enzyme digests, and gel electrophoresis were carried out under standard procedures
(Sambrook and Russell, 2001). Purification of PCR amplified DNA was performed using Wizard
SV Gel and PCR Clean-up system (Promega) and plasmids were isolated using Wizard Plus SV
Minipreps DNA purification System (Promega).
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3.4.8 Analysis of the dynamic diffusion of Crn1-GFP-labelled puncta
The acquired movies were cropped using ImageJ such that each cropped movie contains a single
appressorium. The cropped movies were then analyzed by the trackpy Python package (Allan et
al., 2019) from which the position (𝑟𝑟⃗) of coronin puncta were obtained. The positions were linked,
using trackpy, into trajectories 𝑟𝑟⃗(𝑡𝑡), following standard algorithms (Crocker and Grier, 1996;

Manley et al., 2008; Sadoon and Wang, 2018; Allan et al., 2019; Sadoon et al., 2020) with a search
range of 3 pixel and a memory of 1 frame. From the trajectories, the ensemble mean-squaredisplacements (eMSD) were calculated using built-in functions in trackpy, MSD =
〈[𝑟𝑟⃗(𝑡𝑡 + 𝜏𝜏) − 𝑟𝑟⃗(𝑡𝑡)]2 〉, where 𝜏𝜏 is the lag time. For each sample, the MSD data were averaged over

different appressoria from multiple movies. The averaged MSD data were fitted with lines, MSD
= 4𝐷𝐷𝐷𝐷, where D is the apparent diffusion coefficient.
3.4.9 Western blotting
Cell lysates were separated by SDS PAGE (NuPAGE 4-12% Bis-Tris gels, Thermo Fisher
Scientific) and transferred to pre-cut nitrocellulose blotting membranes using the XCell II blot
module (Thermo Fisher Scientific). Membranes were blocked in either TBS + 5% PBS (for
streptavidin-HRP) or TBST + 5% milk for 30 mins. Membranes were probed with either
streptavidin-horse radish peroxidase (HRP) conjugate (Thermo Fisher Scientific, 1:5000)
dilution), or anti-V5 primary antibody (Thermo Fisher Scientific, 1:5000 dilution) followed by
HRP goat anti-mouse IgG (H+L) secondary (Thermo Fisher Scientific, 1:10,000 dilution). Western
blots were imaged using SuperSignal West Pico Chemiluminescence substrate (Thermo Fisher
Scientific) and an ImageQuant LAS 500 gel documentation system (GE Healthcare).
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3.4.10 Fungal culture, cell lysis and streptavidin affinity purifications
Mycelia from the outer edge of 10-day-old plate cultures of the wild type (Guy11) and MoSep3TbID-V5-expressing strain were homogenized in 50 mL of liquid CM using a laboratory blender
(Waring Commerical). Liquid cultures were supplemented or not with 100 uM biotin (BIO-500,
Avidity, USA) and incubated for 48 h at 28 °C with shaking (250 RPM). Mycelia were harvested
by filtering through Miracloth (MiliporeSigma), washed thoroughly with sterile distilled water,
and lyophilized overnight in a freeze-dyer (Labcoco). For cell lysis, 1 mL of RIPA lysis and
extraction buffer (25 mM Tis-HCL pH7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS; Thermo Scientific), supplemented with Halt protease inhibitor cocktail and EDTA
(Thermo Scientific), was added per 40 mg of freeze-dried mycelium. Samples were briefly
vortexed with acid-washed glass beads (425 – 600 mm; MiliporeSigma) then incubated at 4 °C
with gentle rocking for 10-20 minutes. Cell lysates were clarified by centrifugation at 20,010 g for
1 h in a HB-6 rotor (Thermo Scientifc Sorvall) at 4 °C. Seventy microliters of streptavidinconjugated beads (Dyanbeads MyOne Streptavidin T1, Thermo Fisher Scientific) were added to
400 mL of clarified cell lysates and samples were incubated overnight at 4 °C with gentle rocking.
Streptavidin-conjugated beads were immobilized on a magnetic stand and washed three times with
2 mL of RIPA buffer. Bead-bound proteins were eluted by boiling in 70 mL of elution buffer (50
mM Tris-HCL, pH 6.8, 2% SDS, 20 mM DTT, 12.5 mM EDTA). Eluted proteins were separated
by SDS PAGE (NuPAGE 4-12% Bis-Tris gels, Thermo Fisher Scientific) and stained with
Coomassie brilliant blue.
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3.4.11 In-Gel Trypsin Digestion
In-gel trypsin digestion and mass spectrometry were performed as previously described (Singh et
al., 2020). Each lane was cut into 5 pieces, each covering a range of molecular weights. To increase
their surface area and aid in trypsin digestion, each of these sections was further sliced into ~1
mm2 pieces. Once the gel pieces were destained with 50% acetonitrile in 25 mM ammonium
bicarbonate, they were dehydrated with pure HPLC-grade acetonitrile and completely dried with
a SpeedVac. Proteins on the gel were reduced by the incubating the dried gel slices with 10 mM
Dithiothreitol (DTT) in 25 mM ammonium bicarbonate (pH 7.8) at 60°C. After 1 h, excess DTT
was pipetted off. To alkylate the reduced proteins, 20 mM iodoacetamide in 25 mM ammonium
bicarbonate was added to the gel pieces and incubated at room temperature for 1 h in the dark. Gel
pieces were then thoroughly washed with 25 mM ammonium bicarbonate and dehydrated and
dried again as above. The digestion process was started by adding ~100 μl MS-grade (Thermo
Fisher Scientific) trypsin, enough to cover the dried gel pieces, which was at 10nM concentration
constituted in 25 mM ammonium bicarbonate. To maximize trypsin absorption by the gel pieces,
samples were kept at 4°C for 30 min. After adding an additional 100 μl of 25 mM ammonium
bicarbonate to each sample, they were incubated at 37°C for 24 h. During the digestion, tryptic
peptides diffused out into the solution. Gel pieces were then extracted three times by 50% ACN in
5% FA solution and pooled all extracts. Pooled extracts were evaporated to dryness and
reconstituted in 50 μl of 0.1% FA before being subjected to LC-MS/MS.

3.4.12 Mass Spectrometry and Data Analysis
After trypsin digestion, LC-MS/MS was used to analyze 5 μl of the in-gel tryptic peptide extracts
from each gel section, using an Agilent 1200 series microflow high-performance liquid
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chromatography (HPLC) system coupled to a Bruker amaZon SL quadrupole ion trap mass
spectrometer with a captive spray ionization source. Separation of the tryptic peptides in samples
corresponding to each gel sections were achieved by reverse-phase high-performance liquid
chromatography (RP-HPLC). Capillary column with a Zorbax SB C18 column (150 × 0.3 mm, 3.5
μm particle size, 300Å pore size, Agilent Technologies) was used as the HPLC column. HPLC
solvent gradient of 5 to 38% B in 320 minutes at a flow rate of 4 μl/minute was established using
0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (ACN) (solvent B). MS
analyses were performed in a positive ion mode using Bruker captive electrospray source. Dry
nitrogen gas temperature of 200°C and a nitrogen flow rate of 3 L/minute were used during the
LC-MS/MS run. LC-MS/MS data acquisition was carried out in the Auto MS(n) mode. The
optimized trapping condition for the ions at m/z 1000 was set. While regular MS level scans were
performed using the enhanced scanning mode (8100 m/z/second), MS/MS fragmentation
(collision induced fragmentation) scans were performed automatically for the top ten precursor
ions with a set threshold for 1 min using UltraScan mode (32,500 m/z/second) (Karash et al.,
2017). Bruker DataAnalysis 4.0 software was used to pick peaks from the LC-MS/MS
chromatogram using a default setting as recommended by the manufacturer to create Protein
Analysis

Results.xml

files.

These

files

were

then

used

to

search

proteins

in

UniProtKB/trEMBL_Magnaporthe_oryzae database, made up of 12755 protein entries using
MASCOT v 2.2 search engine (Matrix Science, London, United Kingdom). The parent ion and
fragment ion mass tolerances were both set at 0.6 Da with cysteine carbamidomethylation and
methionine oxidation as fixed and variable modifications in MASCOT search. Mascot.dat files
were

then

exported

into

Scaffold

Proteome

Software

version

4.8

(http://www.proteomesoftware.com). Mascot.dat files from sections of the wild type and Sep3-
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TbID gels were combined separately to create two groups for the comparison of identified proteins.
To be accepted, protein identifications had to be represented by 2 or more unique peptides with
99.9% or greater protein identification probability threshold and peptide showing identification
probability greater than 99.9%. The Protein Prophet algorithm was used to assign protein
probabilities (Keller et al., 2002).
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Figure 1. Melanin-dependent turgor generation is required for F-actin ring formation and
septin remodeling. A. Cartoon schematic depicting septin and F-actin organization in the
developing M. oryzae appressorium. B. Time series showing the localization and organization of
Sep5-GFP-lablled septin structures and the Lifeact-RFP-labelled F-actin cytoskeleton during
appressorium development. White arrow highlights the formation of a septum in the neck of the
appressorium. Scale bar = 5 μm. C. Fluorescence images highlighting the scaffolding of LifeactRFP-labelled F-actin by a fully formed appressorium septin ring at 24 hpi. Scale bar = 2 μm D.
Plot showing the normalized diameter of Sep5-GFP-labelled septin structures in the appressoria of
wild type (dark circles) versus Dbuf1 mutants (lighter circles) over a period of 8 hours, following
septation in the appressorium-germ tube interface. Error bars represent SEM and asterisks indicate
significance by two-way ANOVA with Sidaks’s multiple comparisons test (*P<0.05, **P<0.01,
***P<0.001, ****P<0.0001). E. Time lapse sequences comparing the localization and dynamics
of Lifeact-RFP-labelled F-actin and Sep5-GFP in the appressoria of wild type (upper panels) and
Dbuf1 mutants (lower panels). Images represent maximum intensity projections of Z series
acquired at 0.2 μm intervals spanning the entire depth of the appressorium. Scale bar = 5μm.
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Figure 2. The structural integrity of the incipient septin disc-like structure is dependent on
both the actin and microtubule cytoskeletons. A. Kymograph generated from a maximum
intensity projection of a fluorescence time-lapse sequence highlighting the contraction of an
individual Sep5-GFP-labelled septin disc-like structure (top and bottom panels) coinciding with
the recruitment of Lifeact-RFP-labelled F-actin (middle and bottom panels). B - D. Time-course
experiments showing the effect of Latrunculin A-mediated F-actin disruption (lower panels with
red border) on the integrity of the incipient septin disc-like structure during appressorium
morphogenesis (B and C), versus its effect on fully formed septin rings within mature appressoria
(24 hpi) (D). Upper panels with grey borders show the effect of DMSO alone (carrier controls). E.
Short time sequence highlighting the presence of a b-tubulin-GFP-labelled microtubule ring/loop
upon which a Lifeact-RFP-labelled F-actin ring appears to condense. Images show a single focal
Z-plane at the base of the appressorium. F and G. Time-course experiments showing the effect of
benomyl-mediated microtubule disruption on F-actin ring formation (F red border) and on the
integrity of the Sep5-GFP-labelled incipient septin disc-like structure (G) during appressorium
morphogenesis. Upper panels with grey borders show the effect of DMSO alone (carrier controls).
H. Plot showing the mean number of appressoria containing an intact Sep5-GFP-labelled septin
disc-like structure (green circles) or Lifeact-RFP-labelled F-actin toroid (magenta circles)
following the addition of DMSO, Latrunculin A, or Benomyl, shortly after septation. Error bars
represent standard deviations of the mean and n = 100 appressoria per independent replicate.
Asterisks indicate significance versus DMSO controls by one-way ANOVA with Dunnett’s
multiple comparisons test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). J. Time series
showing appressorium morphogenesis and morphology in a Dsep3 mutant expressing Sep5-RFP
and b-tubulin-GFP. I. Fluorescence images showing the organization of b-tubulin-GFP-labelled
microtubules and the microtubule plus end binding proteins EB1-RFP in mature appressoria (24
hpi). Unless otherwise stated, all images represent maximum intensity projections of Z series
acquired at 0.2 mm intervals spanning the entire depth of the cells. Scale bars = 5μm.
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Figure 3. Coronin is a septin proximal interacting protein. A. Western blot analysis of mycelial
cell lysates of the wild type and Sep3-TbID strains cultured in the presence (+) or absence (-) of
exogenous biotin and probed with streptavidin-HRP (upper panel) or anti-V5 (lower panel) B.
Summary of the identity and abundance of peptides identified uniquely in Sep3-TbID samples. C.
Plot showing the mean Z depth of Crn1-GFP-labelled puncta in developing appressoria determined
from 3D fluorescence time series. Error bars represent SEM. D. Time series showing the
localization Sep5-RFP and Crn1-GFP during appressorium development. Images represent
maximum intensity projections of Z series acquired at 0.2 mm intervals spanning the entire depth
of the appressorium. Scale bar = 5 µm. E. Time series showing the localization of Crn1-GFP
puncta to the Lifeact-RFP-labelled contractile F-actin ring during appressorium morphogenesis.
Fluorescence images represent a single focal plane extracted from Z series spanning the entire
depth of the appressoria. F. Fluorescence images highlighting the organization of Crn1-GFPlabelled puncta and Sep5-RFP structures in wild type and ∆buf1 mutant appressoria at 24 hpi.
Note: Irregularly cropped panels are overlaid on a black background for aesthetics. Scale bars = 5
µm. G. Representative trajectories of Crn1-GFP puncta (colored lines) in the wild type strain and
∆buf1 mutant. Trajectories are overlaid on single frames of the acquired movies for capturing the
dynamics of Crn1-GFP puncta. Scale bars = 3 µm. H. Ensemble mean-square-displacements
(eMSD) of the Crn1-GFP puncta as functions of the lag time (𝜏𝜏) for the wild type (blue circles)
and the ∆buf1 mutant (red squares). Error bars represent SEM. Dashed lines are linear fittings with
MSD = 4 D 𝜏𝜏, where D is the diffusion coefficient. I. Comparison of the fitted diffusion coefficient
D between the wild type and ∆buf1 mutant. Error bars represent the fitting errors.
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Figure 4. Coronin promotes normal septin ring formation during appressorium
development. A. Fluorescence micrographs highlighting the contraction dynamics of LifeactRFP-labelled F-actin rings during appressorium development by wild type (left panels) and Dcrn1
mutants (right panels). Images represent temporally color-coded maximum intensity projections
of Lifeact-RFP fluorescence (green = 3 h, magenta = 4 h and yellow = 6 h) overlaid onto a single
image per strain. B. Plot showing the normalized diameter of Sep5-GFP-labelled septin structures
in the appressoria of wild type (blue circles) versus Dcrn1 mutants (green circles) over a period of
8 hours, following septation in the appressorium-germ tube interface. Asterisks indicate
significance by two-way ANOVA with Sidak’s multiple comparisons test. C. Plot showing the
mean percentage of appressoria undergoing “catastrophes” in wild type (blue bar) and Dcrn1
mutants (green bar) based on 3D fluorescence time-lapse sequences. Data points represent the
percentage means from three independent replicates, and the combined n from these is indicated.
Asterisks indicate significance by two-tailed unpaired t-test. D. Time series contrasting the
“normal” behavior of an F-actin (Lifeact-RFP) decorated septin ring (Sep5-GFP) (upper panels)
versus one undergoing “catastrophe” (lower panels) in Dcrn1 mutant appressoria. Both septin
structures were imaged simultaneously in the same field of view. Fluorescence images represent a
single focal plane at the base of the appressoria extracted from 3D time-lapse sequences. The time
interval between adjacent images is 0.5 h. The white arrow highlights the presence of an aberrant
septin ring within the higher order structure. E. Time lapse sequences comparing the localization
and dynamics of Lifeact-RFP-labelled F-actin and Sep5-GFP in the appressoria of wild type (upper
panels) and Dcrn1 mutants (lower panels). F. Plot showing the mean percentage of appressoria
containing disorganized F-actin arrays in wild type (blue bar) and Dcrn1 mutants (green bar) based
on 3D fluorescence images acquired at 24 hpi. Data points represent the percentage means from
three independent replicates, and the combined n from these is indicated. Asterisks indicate
significance by two-tailed unpaired t-test. For all tests *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. G. Fluorescence images showing examples of F-actin disorganization in the
appressoria of Dcrn1 mutants versus a “normal” wild type control. Note that similar
disorganization can also be seen in wild type cells but at a significantly lower frequency. Images
represent maximum intensity projections of Z-series. H. Normalized fluorescence intensity
distribution plots generated from line scans through septin rings in wild type (left panel) and Dcrn1
mutant appressoria (24 hpi). Error bars represent standard deviations of the means. Scale bars = 5
µm.
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3.7 Appendix
Supplementary material

Movie S1. Time lapse sequence showing the organization and dynamics of Sep5-GFP and LifeactRFP during appressorium development by M. oryzae. Individual frames represent maximum
intensity projections of Z-series. Movie plays through a second time with annotation. Time is
shown in hours. Movie plays at 20 fps.
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Movie S2. Time series highlighting the effect of Latrunculin A-mediated actin depolymerization
on the organization of Sep5-GFP-labelled septin structures during appressorium development
(right panel), versus a DMSO carrier control (left panel). Movie pauses momentarily before the
addition of the drugs. Time is shown in hours. Movie plays at 20 fps.

Movie S3. Time lapse sequence showing the effect of benomyl-mediated microtubule disruption
on the F-actin cytoskeleton during appressorium morphogenesis. Microtubules are labelled with
b-tubulin-GFP. Benomyl was added following septation in the appressorium neck. Time is shown
in hours. Movie plays at 20 fps.
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Movie S4. Time lapse sequences showing the organization and dynamics of Crn1-GFP and Sep5RFP in the side view of a developing appressorium. Time is shown in hours. Movie plays at 10
fps.

Movie S5. Time lapse sequence showing an F-actin re-organizational “catastrophe” during
appressorium morphogenesis in DMocrn1. The septin cytoskeleton is labelled by Sep5-GFP and
the F-actin cytoskeleton is labelled by Lifeact-RFP. Time is shown in hours. Movie plays at 30
fps.
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4. Conclusion
The simultaneous 4D widefield fluorescence imaging of Septin (Sep5-GFP) and F-actin (LifeactRFP) provided new insights on mechanistic details of spatial temporal dynamics of septins and Factin in M. oryzae during appresorium morphogenesis. During appresorium morphogenesis there
is a pressure dependent dynamic recruitment of filamentous actin to circumference of the incipient
septin plate which is required for the remodeling of the septin disc into septin ring which involves
conspicuous constriction with the emergence of the central pore upon appresorium maturation.
There is functional and structural dependency between septin, actin and microtubules cytoskeleton
in M. oryzae during appresorium morphogenesis. Upon the septin contraction, there is coroninmediated organization of the recruited F-actin which leads the remodeling of septin to the toroidal
ring structure and pore emergence.
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